Abstract. An experimental statistic model of powergenerating coal oxidative desulphurization has been developed and its adequacy has been proved. On the basis of the proposed model the desulphurization optimal conditions for three samples of power-generating coal were determined. The low-sulphur solid fuel with the content of general sulphur of 1.0-1.5 mas % was obtained under established optimal conditions.
Introduction
It is well-known that coal is one of the main energy sources among hydrocarbon raw materials. Its deposits (to calculate for equivalent fuel) were 67 % in 2008 as compared to oil deposits of 18 % and gas -of 15 % [1] .
An average content of sulphur in coal is within 1.0-1.5 mas % [2] . However there are a lot of deposits which may be referred to sulphuric or high-sulphuric ones [2] [3] [4] . Burning of such coals at heat power plants (HPP) leads to pollution of environment by sulphur dioxide and to corrosion of equipment.
We are working out a technological basis of coal desulphurization using oxidation method. Its application in the power engineering, for example, at HPP, would allow using high-sulphuric coal and reducing the pollution of environment by SO 2 . The essence of the process is the treatment of the raw material by steam-air mix. Pyrite sulphur, which is the main part of total sulphur in coal, converts sufficiently selectively. During the process the following products are obtained: solid low-sulphuric fuel; resin formed during thermal decomposition of the organic part; desulphurization gases with high (compared to HPP gases) content of sulphur-containing components, which may be converted or utilized using the known methods [5] with the production of liquefied sulphur dioxide, sulphuric acid, etc.
In our previous works [3, 4] we used high-and lowmetamorphized coal, because it is the main raw material for HPP. Optimal conditions suggested for various types of coal were different. Therefore the aim of this work is to develop a universal experimental-statistic model which would adequately describe the desulphurization process of all investigated types of black coal.
Experimental
Desulphurization was carried out in a perfectmixing reactor under the conditions close to the isothermal ones. The detailed procedure is described in [6] . The oxidant flow rate and sizes of coal grains under investigated temperatures ensure proceeding of sulphur conversion in a kinetic area.
The coal was analyzed using the standard methods [7] [8] [9] [10] [11] . The content of sulphur dioxide in the desulphurization gases was determined using chromatography [12] .
Conversion of total or pyritic sulphur was calculated without taking into consideration its loss with the resin by the following formula (%):
where a x0
S-content of total or pyritic sulphur in the initial coal to calculate for analytical sample, mas %; a x Scontent of total or pyritic sulphur in desulphurized coal to calculate for analytical sample, mas %; C x-desulphurizated coal yield, mas %.
The black coal, whose characteristics are given in Table 1 , was taken form the mines and concentrating mills of Donetsk and Lviv-Volyn coal basins, as well as from Dobrotvir HPP (Lviv region). To describe the main characteristics of the process the following response functions were used: Y 1 -fractional conversion of pyrite sulphur (FCPS), %; Y 2 -content of sulphur dioxide in the desulphurization gases (CSD), vol %. The following process parameters were taken into consideration during the model development: X 1 -temperature, C; X 2 -process time, min; X 3 -content of water steam in the oxidant, vol %; X 4 -repetition factor of oxidant flow rate (RFO), m 3 /h/kg of coal. The analysis of the previous results [3, 4] shows that in the range of the investigated coals the main characteristics of the process (response functions) are practically independent of the quality of coal organic mass. On the other hand, sulphur content (primarily pyrite sulphur) affects SO 2 amount in the desulphurization gases and mostly the character of parameters influencing the fractional conversion of pyrite sulphur. Therefore, the content of pyrite sulphur in the initial coal was chosen as another parameter of the process that indicates the influence of the raw material quality (X 5 , d p S , mas %).
To estimate the adequacy of the obtained regression equation we substituted the given experimental parameters (X 1 -X 5 ) and found the expected (regressive) values of response functions. In accordance with the obtained values we calculated the remainders: The value of mean relative error of approximation was calculated by the formula:
where n -sample collection (number of experiments).
To check the adequacy of multiple-factor regressive model Fisher criterion was used. It was calculated by the formula: 
where i Y -average experimental value of response function.
where m i -number of coefficients in the regression equation.
In accordance with the mentioned calculations Fisher criterion should be greater than the table value at significance level α and freeness (n-1) and (n-m i ). In this case it shows the number of times the results scattering relative to the line of obtained regression equation changes as compared to the scattering relative to a mean value [13] .
Coefficient of determination characterizing the significance of response functions dependence on process parameters has values from 0 to 1. It was determined using the standard procedures [14] .
It is proved that F ri may be expressed by means of coefficient of determination [15] . The criterion of statistics, which is a measure of regressive model adequacy, is also a measure of statistic significance R i 2 . Therefore, to check the significance of the coefficient of determination F ri was used. For this purpose zero ( 2 i R = 0) and alternative ( 2 i R ≠ 0) hypotheses were stated. To check the zero hypothesis the criterion of statistics was calculated. It is connected with the coefficient of determination by the following ratio:
and has Fisher distribution with freenesses k i and (n- On the basis of regression equations optimal conditions were determined using the method of uniform search (minimum or maximum) of response functions [16] for three types of coal: low-metamorphized (type D) high-metamorphized (type P) and ordinary (type R).
Agreement between the results obtained under optimal conditions and predicted results based on the experimental-statistic model was checked using value of mean relative error of approximation. It is calculated by the following formula: 
Results and Discussion
The initial results of the experiments, which were basis for the development of the experimental-statistic model, are represented in Table 2 . For both response functions (Y 1 and Y 2 ) the non-linear multiple regression Eqs. (9) and (10) were formed using STATISTICA software. ) and relative errors (ε 1 і ε 2 ) are also given in Table 2 . The nature of bar charts ( Figs. 1 and 2 ) and probitdiagrams (Figs. 3 and 4) built from of the calculated values remainders indicates the first obligatory feature of the obtained equations adequacy, since the remainders obey the law of normal distribution with the center in the point of coordinates origin, i.e. the main part of the remainders , reg ijijij YYY ∆=− is around zero. The mean relative errors of approximation calculated by (3), ε 1 = 0.0859 (8.59 %), ε 2 = 0.1721 (17.21 %) also indicate the agreement between the developed model and the experimental data because it is admitted according to [17] that at ε = 0-10 the prognosis accuracy is high, at ε = 10-20 % it is good and at ε = 20-50 % -satisfactory. No of obs 
Expected normal value
The calculated values of the criterion of statistics (according to (7) Taking into account that CSD maximum values of 3-8 vol % were obtained at FCPS 80-90 % (see Table 2 ), the optimization task was to find such process parameters which ensure FCPS maximum under the following limitations: Y 1 ≤ 90, 3 ≤ Y 2 ≤ 8. Predicted results and results obtained under optimal conditions are represented in Table 3 .Mean relative errors of predicted data approximation were calculated by formula (8) : ε' 1 = = 0.0413 (4.13 %), ε' 2 = 0.1324 (13.24 %). They indicate the agreement between predicted and practical data.
After desulphurization of the three coal samples we obtain fuel with sulphur content of 1.0-1.5 mas %. It may be considered as the low-sulphuric one. At the same time fractional conversion of total sulphur (FCTS) is 69.63-77.27 %. If we assume that all sulphur dioxide contained in the desulphurization gases is recovered or converted using the known methods [5] then FCTS will be equal to the degree of environmental pollution reduction. The main pollutant is sulphuric anhydride. Hence, we may state that the proposed method gives the possibility to burn sulphuric and high-sulphuric coal, reduce sulphuric emissions by 70-80 %, and utilize free sulphur.
